We apply the "natural fueling mechanism" [W. Wan, S. E. Parker, Y. Chen, and F. W. Perkins, Phys. Plasmas 17, 040701 (2010)] to the edge pedestal. The natural fueling mechanism is where cold ions naturally pinch radially inward for a heat-flux dominated plasma. It is shown from neoclassical-neutral transport coupled simulations that the recycling neutrals and the associated source ions are colder than the main ions in the edge pedestal. These recycling source ions will pinch radially inward due to microturbulence. Gyrokinetic turbulence simulations indicate that near the top of the pedestal, the pinch velocity of the recycling source ions is much higher than the main ion outgoing flow velocity. The turbulent pinch of the recycling source ions may play a role in the edge pedestal transport and dynamics. The cold ion temperature significantly enhances the pinch velocity of the recycling source ions near to the pedestal top. Neoclassical calculations show a cold ion pinch in the pedestal as well.
I. INTRODUCTION
The structure of the H-mode (high confinement mode) edge pedestal is critical to the operation of International Thermonuclear Experimental Reactor (ITER). 1 One important and yet unsolved problem of tokamak edge physics is the re-build of the pedestal density after an edge localized mode (ELM). 2, 3 In a typical DIII-D H-mode discharge, 3 the average time between ELMs is 34 ms and the time for the density to re-build in the pedestal top region (at q N ' 0:94, with q N the normalized radius) is about 10 ms. Theoretically, there are two factors that can account for the density buildup within this short period of time: the local recycling ion source rate hS N i and the particle flows going into and out of the region, as in
where dV is the volume of the pedestal top region, t is the density re-build time, and d _ N is the net particle flow leaving the region, in which _ N ¼ Ð dS Á C is the particle flow rate. Due to the small penetration length of the recycling neutrals, the local ion source rate in the pedestal top region is very small, and it is found in Ref. 3 that the first term of Eq. (1) is one order of magnitude smaller than the density buildup Dn. Therefore, there must be a strong radially inward pinch to explain the density rebuild, as has been discussed previously (see, e.g., Rensink et al. 4 ). The transport codes SOLPS, UEDGE, and ONETWO all predict that the particle flow rate _ N increases with q N , in the pedestal region. 3 This leads to a positive d _ N in Eq. (1); therefore, these codes cannot explain the pedestal density rebuild. In addition, based on these results and a pure diffusive transport model, the particle diffusion coefficients are calculated to be very small, between 0.02 and 1 m 2 s À1 across the pedestal. It has been proposed [5] [6] [7] that a pinch term is needed to model the main ion particle transport. In the calculations of Stacey and Groebner, 6 the anomalous pinch velocity of the main ions could reach as high as 200 ms
À1
, and the main part of it is proportional to the product of the radial electric field and the toroidal angular momentum transport frequency (see Ref. 8 for the discussions of this representation). The contribution of the recycling neutrals is found to be small. However, it is unclear if the anomalous pinch of the main ions itself can give a negative d _ N and hence explain the pedestal density buildup. On the other hand, the importance of the recycling neutrals has been also discussed. 9, 10 In this paper, we study a particle pinch mechanism of the ions from ionizing recycling neutrals that may contribute to the edge pedestal buildup. Previously, 11 we discussed the "natural fueling mechanism," where in a tokamak plasma with multiple ion species of different temperatures, the cold ions will naturally pinch in towards the core. For the core fueling, this mechanism leads to the fueling of cold ions from shallow pellet injection, and when helium ash is present, this fueling can preserve the main ion density profiles. Here, we investigate if this mechanism may be present in edge plasmas. We first run a simple test simulation to demonstrate that the cold temperature can enhance the particle pinch flow velocity in Sec. II. Section III shows that from neoclassical-neutral transport simulations, the recycling neutrals, and hence the ions from the ionization and charge exchange of the recycling neutrals, are colder than the background main ions. Finally in Sec. IV, we study the edge H-mode pedestal with recycling source ions using GEM (Refs. 12 and 13) turbulence simulations. We find the main ion outflow velocity peaks at the steep gradient region of the pedestal, while the pinch velocity of the recycling source ions peak closer to the top of the pedestal. This trend is consistent with the fact that the cold ion pinch requires the heat flux to dominate over the particle flux. As a result, for most of the pedestal, the pinch velocity of the recycling source ions is higher than the outgoing main ion velocity, and this may lead to a negative d _ N. Furthermore, the cold ion temperature significantly increases the pinch flow velocity near the top of the pedestal.
II. INWARD PINCH OF COLD IONS
In this section, we study the cold temperature effect on the pinch velocity by a simple test simulation. Suppose there is a heat flux dominated plasma, e.g., a plasma of ion temperature gradient (ITG) turbulence, with nearly zero particle flux, e.g., we can assume electrons are adiabatic. For the heat flux to go out, the hot ions must go out. Therefore, as a result of quasi-neutrality, the cold ions must pinch in. In addition, colder ions should have a higher pinch flow velocity.
To test this mechanism, we use parameters for the Cyclone base case, 14, 15 which is a fairly standard case widely used for studying turbulence transport in H-mode plasmas. We use the global gyrokinetic df particle-in-cell code GEM, 12, 13 and the simulations are carried out with kinetic electrons. The main deuterium ion density and temperature profiles are shown in Fig. 1 in solid lines. We add a small amount of tracer deuterium ions, with flat density and temperature profiles, shown in the dashed lines of the figure. The tracer ions' temperature is set to be constant, T I ¼ pT i ðq N ¼ 1=2Þ, and we can change the parameter p to test the effect of the cold ion temperature. Figure 2 shows the simulation results of the time evolution of the tracer ions' pinch flow velocities in terms of the volume-averaged particle flux normalized by density and proton thermal velocity. Because the tracer ions' density profile is flat and the main ions concentrate at the core, the main ions have a higher priority to go out, and thus the tracer ions always pinch. The important result here is that the temperature has an effect on the tracer ions' pinch velocity. The colder temperature of the tracer ions, the faster their pinch velocity.
This effect is confirmed by a quasi-linear theory. We extend the toroidal gyro-Landau fluid model of Ref. 16 to include multiple ion species. The dispersion relation is
in which the main ion species is labeled as "i" and the tracer ion species is labeled as "I." The Àid term denotes the nonadiabatic electron response and
In Eq. (2) and (3) are solved exactly. Due to their small density, the tracer ions have little effect on the evolution of the whole system; therefore, the quasi-linear particle flux of the tracer ions
is proportional to the imaginary part of R I . The simulation results are compared to the quasi-linear theoretical results in Fig. 3 . Without calculating the actual 
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Phys. Plasmas 18, 056116 (2011) value, the theoretical fluxes are represented by the À=R I for different p's and are normalized by the value for p ¼ 1. For the simulation results, the fluxes are time and volume-averaged and also normalized by the value for p ¼ 1. We note that it is difficult for df gyrokinetic simulations to see a true steady state during the nonlinear saturation stage, since the simulation cannot run very long, due to profile relaxation. Therefore, to illustrate the general trend, in Fig. 3 , we do the average for two time intervals: the big peak of the evolution (dashed line) from tX i ¼ 9846 to tX i ¼ 17700 and the nonlinear saturation stage (dotted line) from tX i ¼ 17700 to tX i ¼ 23000. The peak result appears to quantitatively agree better with the quasi-linear theory, with the pinch flux higher for lower temperatures. However, the saturation result has the effect that for a really low temperature (p ¼ 0.5), the flux amplitude could become smaller for a lower temperature, which is predicted by the quasi-linear theory. This may partly be explained by the fact that for ion dominated kinetic instabilities, particles with parallel velocities in the range of the thermal velocity of the ions are resonant with the dominant unstable modes and exhibit large radial excursions. These resonant ions significantly contribute to the net particle flux. Ions with parallel velocities much greater or much less than the thermal velocity contribute less. Therefore, either very cold or very hot tracer ions will not be resonant, resulting in a reduced transport for such species. This effect could be physical but not important because the temperature is already very low. The general conclusion here is that cold temperature enhances the pinch flow velocity.
III. EVIDENCE FOR A COLD ION SOURCE DUE TO RECYCLING
To investigate whether the cold ion pinch mechanism discussed in Sec. II is relevant to edge pedestal, we first must examine if the ions from the recycling neutrals in the edge are indeed colder than the background main ions. The profiles used here are based on the DIII-D discharge 96333. 17 We begin by showing XGC0 simulation results of DIII-D H-mode profiles of the pedestal main ions and recycling source ions. Density and temperature profiles are shown in 
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in the steep gradient region. The XGC0 code uses a built-in Monte Carlo neutral transport routine 18 to include neutral-plasma interactions in its transport calculation, and the code simulates plasma and neutral transport simultaneously. Neutral particles are followed from neutral birth surface at q N ¼ 1:03 with the energy of 10 eV. The neutrals are subject to ionization and charge exchange interactions with the fixed plasma profiles. The two dimensional (2D) neutral density and temperature profiles are measured periodically. These 2D neutral profiles are subsequently used for XGC0 plasma simulation and the recycling ion particles are generated and recorded from neutral ionization events. The density and temperature profiles of the recycling source ions are shown in the dashed lines of Fig. 4 . It is clear from Fig. 4 that the recycling source ions are much colder than the main ions.
The source rate profile for the recycling source ions from the simulation is shown in Fig. 5 as the solid line. There is a peak of the source rate around q N ¼ 0:99 near to the separatrix. The source rate rapidly decreases radially towards the top of the pedestal. The XGC0 simulation also shows that through neoclassical transport the cold recycling source ions pinch towards the core. The pinch flow velocity is smaller than 10 ms 
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As a result of this pinch effect, the density profile of the recycling source ions is flatter than the profile of the ion source rate. Next, we replace the XGC0s built-in Monte Carlo neutral transport routine used above with a more comprehensive one based on the three dimensional (3D) DEGAS 2 Monte Carlo neutral transport code, 19 and run an XGC0-DEGAS 2 coupled simulation of the recycling neutrals. The primary differences with the above are that the triangular mesh used for neutral transport extends out to the vacuum vessel and resolves the plasma parameters in 2D. Also, a velocity dependent charge exchange cross section is employed, both in
À3 between the 88% and 103% normalized flux surfaces. The neutral source is assumed to be poloidally uniform; for a particular plasma profile, the neutral temperature profiles should be insensitive to this assumption. The magnitude of the neutral source is set to maintain a global recycling coefficient of 0.9. Neutral atoms are sourced at the vacuum vessel surface with an energy of 3 eV, equivalent to assuming that incoming molecules are dissociated immediately upon entering the plasma. The simulation results are shown in Fig. 6 from the inboard midplane for the high and low density cases. The temperature of the recycling neutrals is indeed lower than the main ion temperature. The recycling source ions from ionization should have exactly the same temperature as the neutrals.
IV. GEM SIMULATION OF EDGE RECYCLING ION TRANSPORT
In this section, we study a realistic DIII-D H-mode edge pedestal including recycling source ions using the gyrokinetic particle-in-cell code GEM. The GEM code simulates the turbulence transport of both the cold recycling source ions and the main ions, and we focus on the pinch of the recycling source ions.
A. Simulation model
GEM (Refs. 12 and 13) is a comprehensive gyrokinetic electromagnetic particle code, with drift kinetic electrons and gyrokinetic ions. It is a df code and thus runs on turbulence time scales. GEM is radially global, using Miller equilibrium, 20, 21 and it can read experimental data sets such as ITERDB files. The code self-consistently runs with multiple ion species. The simulations here are collisionless and use a low b ¼ 0:04% and are essentially in the electrostatic limit.
The pedestal profiles are from experimental data of the DIII-D discharge 98 889, 3 which is a typical low density Hmode pedestal, with modified hyperbolic tangent fits. The global simulation region is 0:899 q N 0:999. The main ion density and temperature profiles are flattened at the simulation boundaries to avoid turbulence peaking on the boundary. The physical parameters include the major radius R ¼ 948:0q i , minor radius a ¼ 415:6q i , where q i is the proton thermal gyroradius at a reference temperature T 0 . The simulation domain is discretized by a 64 Â 64 Â 32 grid, with 32 cells along the toroidal field line. The time step is D ¼ 1:0X i , where X i is the proton gyrofrequency at T 0 . There are 4 194 304 particles per species. The realistic mass ratio is used, i.e., the deuterium ion mass is 2 Â 1837 times of the electron mass.
Gyrokinetic simulations generally assume that the gradient scale lengths are much larger than the ion gyroradii. For the pedestal profiles we use in this simulation, however, the shortest gradient scale length is only about 5 times of the local deuterium gyroradius. The simulation here therefore is pushing the limits of the gyrokinetic equations implemented in the code. Currently, development is under way using a new simulation method with Vlasov ions, 22 which will relax the q=L constraint.
According to Ref. 3, the source rate of recycling source ions in this pedestal monotonically increases towards the separatrix, and the rate at the separatrix is about one order of magnitude higher that the rate in the pedestal top region. Taking this into account, we choose the recycling ion density profile as
where n iout is the main ion density at the outer boundary, the concentration parameter C ¼ 0.2, r out ¼ 0.999a, and L nI ¼ a/ 20 is the recycling ion density profile's characteristic length. This profile is charactered with a constant L nI , so that the peaking of the recycling source ions' pinch velocity is not caused by their own density gradient. The recycling source ions' temperature is simply set to be a fraction of the main ions', as T I (r) ¼ pT i (r). The density and temperature profiles of the main and recycling ion species are shown in Fig. 7 .
In this study, we have applied one dimensional (1D) profiles for all species. In fact, the poloidal variations of the 2D pedestal profiles are very small (see Sec .
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The pinch of cold ions from recycling in the tokamak edge pedestal Phys. Plasmas 18, 056116 (2011) only 0.13% for electron temperature, 6.5% for ion temperature, and 4% for electron density. On the other hand, the poloidal density variation of the recycling neutrals is strong, but here we assume a poloidally uniform recycling ions profile for simplicity.
B. Simulation results
One major GEM simulation result of the H-mode pedestal is that dominant linear instability is an electron mode in the steep gradient region. 23 The location of maximum pressure gradient also corresponds to a minimum in radial electric field shear due to radial force balance. 23 The simulation results presented here are in the electrostatic limit, while the electromagnetic results are discussed in Ref. 23 . Figure 8 shows the linear mode structure and the density and pressure gradients. The X grid of the U xy contour plot is mapped to the q N axis of the lower panel. The Y grid is along the 
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Wan et al. Phys. Plasmas 18, 056116 (2011) toroidal direction of the field line following coordinate with toroidal angle from Àp to p. For the dominant instability shown here k ? q D ' 0:4, where q D is the local deuterium gyroradius. The structure moves in the electron diamagnetic direction and clearly peaks in the steep gradient region. Near to the core, i.e., q N < 0:96, g i > 1 and the dominant instability is ITG, where the ion heat flux is much stronger than the particle flux. However, in the steep gradient region, g i is much smaller than 1 and the dominant instability appears to be an electron mode, with ion heat flux comparable to the particle flux. We have not yet identified this instability, and preliminary results show that the instability is insensitive to ion and electron temperatures and mostly driven by the density gradient. A similar density-driven instability has also been observed by Ernst et al.
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The main ion particle diffusion coefficient D i calculated by GEM is plotted in Fig. 9 . . This is because the transport codes have calculated D i with a pure diffusive model, which could have significantly under-estimated D i based on a total flux reduced by the pinch velocity. It has been proposed 5, 6 that a more realistic model should include a pinch term, where the total flux is represented by
with V pinch negative. Recently, Stacey and Groebner 6 have found that the major contribution to the main ion pinch velocity is proportional to the product of the "toroidal angular momentum transfer frequency," dj , and the radial electric field. Without the physics of dj which includes "viscosity, inertial forces, atomic physics reactions with neutrals, and other 'anomalous' processes," GEM could have overestimated the main ion transport flux, while reasonably estimated the actual diffusion coefficient with the diffusive model of C ¼ ÀDrn. Figure 10 shows the time-averaged net velocities including both the radial pinch and the diffusive terms of the recycling source ions and the main ions. Different temperatures of the recycling source ions have little effect on the transport of the main ions, whose flow velocity peaks in the steep gradient region, consistent with the fact that the dominant instability peaks there. The recycling source ions always pinch across the pedestal, and despite the uniform L nI of the density profile, the pinch velocity peaks around the middle of the pedestal, away from the peak of the main ion outflow velocity. Consequently, for most part of the pedestal, as q N < 0:97, the pinch velocity of the recycling source ions is higher than the outgoing flow velocity of the main ions. Furthermore, this result is obtained without the anomalous pinch mechanism of the main ions in Ref. 6 , which could significantly reduce the main ion flow velocity. The pinch of the recycling source ions may contribute to rebuild the pedestal density by making d _ N negative. From the left panel of Fig. 10 , the colder temperature increases the recycling source ions' pinch velocity. The increase is most significant near the top of the pedestal where heat flux dominates. The T I ¼ 0.7 T i case increases the pinch velocity by nearly 20 ms À1 around q N ¼ 0:92. Because the source rate of the recycling source ions is much higher near to the separatrix than in the pedestal top region, it is reasonable to assume that the recycling source ions must pinch from the separatrix to the top of the pedestal. Reference 3 estimates that the pinch velocity required for such travel is at least 4.5 ms À1 , and here our simulation results have substantially exceeded this requirement. The pinch velocity obtained here is also significantly higher than the neoclassical results of XGC0 in Fig. 5 . We note that the pinch of the recycling source ions depends on their density gradient, with smaller L nI leads to a higher pinch velocity. Nevertheless, we still have obtained an average pinch velocity of 10 ms À1 even with a flat density profile for the recycling source ions.
Once ionized, the recycling ions would not remain cold and their temperature will equilibrate with the main ions by ion-ion collisions. The thermal equilibration time for the edge ions in 
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The pinch of cold ions from recycling in the tokamak edge pedestal Phys. Plasmas 18, 056116 (2011) this case is about 2 ms, and within this time, the recycling ions with a moderate pinch velocity of 30 ms À1 will go for 0.06 m, which is about the total width of the pedestal region.
V. CONCLUSION
In this paper, we applied the "natural fueling" mechanism to the edge pedestal and studied the pinch of the recycling source ions that may help to explain the pedestal density rebuild during an ELM cycle. From simulations and a quasi-linear theory, we show that the cold temperature could enhance the pinch of ions with a flat density profile. We find that the ions from the recycling neutrals of the pedestal are colder than the main ions using both XGC0 and XGC0-DEGAS 2 coupled simulations. The GEM turbulence simulations of the pedestal shows that the outflow velocity peaks in the steep gradient region, while the pinch velocity of the recycling source ions is higher in most of the pedestal region, meaning that the pinch could play a role in understanding the dynamics of the pedestal. The cold neutral source temperature significantly increases the pinch velocity.
Based on these results, there are two mechanisms that make the recycling ions pinch. The first mechanism is simply the density gradient effect. Since the recycling ion source concentrates at the separatrix, it is natural for the recycling ions to pinch inward towards the core. This gradient effect is not caused by the recycling ion density profile itself. The negative density gradient of the main ions must be taken into account as well because the outgoing main ion flux also makes the recycling ions pinch, and therefore this mechanism is caused by the recycling ions' density gradient relative to the main ions. The second mechanism is cold temperature (or natural fueling) effect as discussed in Sec. II, which is the main point of this study. We find the cold temperature effect can significantly increase the pinch velocity of the recycling ions. This may be an important mechanism in the pedestal density buildup. We note that a similar mechanism has been found by Angioni et al. 25 for electrons of an ITG/TEM (trapped electron mode) dominated core plasma, in which slower trapped electrons move inward and faster trapped electrons move outward. The cold ion pinch effect has not been reported in experiments so far, and very little is known about the ion distribution function and temperature near the scrape-off layer. It would be of interest for future experiments to investigate the natural fueling mechanism.
Because GEM is a gyrokinetic turbulence code and runs in the turbulence time scale, it can only see the trend of the recycling ion pinch and main ion outflow, while it cannot simulate the actual process of pedestal density buildup. A more comprehensive study would require including a realistic source term for the recycling source ions. In addition, it is unclear that the anomalous pinch of the main ions due to the toroidal angular momentum transfer frequency 6 will affect the pinch of the recycling source ions and future simulations should try to include this physics as well.
To our knowledge, GEM is the first microturbulence gyrokinetic particle code that is applied to the simulations of the tokamak edge, and there are certainly many simplifications and limitations in this study. The strong poloidal asymmetries near the X-point in pedestal profiles are not modeled by GEM. Our previous results show that there are electromagnetic effects on the linear mode properties of the pedestal, 21, 23, 26 but the nonlinear effects are still unclear at the present time and the simulations here are carried out in the electrostatic limit, since b is relatively small at the edge. Recently, it has been found that collisionality has an important effect on the particle transport of core plasmas, 25 while this simulation is nevertheless collisionless. These limitations should be relaxed and will be investigated in future work.
